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at small scale in rural areas with limited access to the main grid. Benefits of DG include reduction of size, number, and level of saturation of transmission lines, as well as reduction of the transmission losses. Massive utilization of DG places, however, several challenges due to the variability of renewable energy resources, including stability and dispatchability issues and the absence of a proper market design.
DPG units are often connected to form a microgrid, which can operate as an island or connected to the utility grid [1] [2] [3] [4] [5] [6] [7] , [14] [15] [16] [17] [18] . In the island mode, a DPG unit (master unit) is responsible of setting the magnitude and frequency of the supplied voltage at the point of common coupling (PCC) [1] , the remaining DPGs (slaves) automatically synchronize with the PCC voltage to inject power on demand. In the grid-connected mode, the voltage magnitude and phase are set by the grid, the DPGs units typically working as power sources.
Synchronization, i.e., the measurement of the grid/microgrid voltage magnitude, frequency and phase angle, by all the units injecting power, will be key to guarantee a robust and stable operation of the system and adequate power quality. Synchronization methods typically try to isolate the positive sequence component of the fundamental voltage, often implementing mechanisms for the compensation of disturbances such as harmonics and voltage unbalances for this purpose [2] . Particularly critical is the instant when the physical connection between a DPG unit and the microgrid/grid is realized [16] , [18] , [19] . Having the same voltage in both sides of the breaker is needed to avoid overcurrents that may damage the DPG or tripping the protections. This is not guaranteed in distorted grids when the synchronization is realized using the positive sequence voltage only, which can be of especial importance in weak grids, e.g., those located at the end of long distance transmission lines for centralized power distribution scenarios or near low-power DPG units in distributed power generation scenarios.
In this paper, the synchronization and connection of DPGs to highly distorted grids is analyzed, with the goal of reducing the induced overcurrents due to the instantaneous voltage mismatch. In the proposed method, both the positive sequence and the harmonic components of the grid voltage are considered for the synchronization with the goal of reducing the voltage mismatch at the instant that the breaker closes. Once the connection process is finished, the disturbances are gradually removed from the reference used for the synchronization, the positive sequence component of the voltage being eventually used in order to guarantee precise control the active and reactive power flows. This paper is organized as follows: Section II reviews the control strategies for islanded and grid connected DPG units. Section III presents the proposed method, simulation and experimental results to validate it are given in Sections IV and V, respectively. Finally, Section VI presents the conclusions.
II. CONNECTION OF DPGS TO A DISTORTED UTILITY
GRID USING THE FUNDAMENTAL VOLTAGE Fig. 1 shows a generic control block diagram of a voltage source converter (VSC) working in voltage control mode. It consists of an inner current loop (block in red) that controls the inverter output current (Reg i ) and an outer voltage loop (block in green) that controls the output filter voltage.
The three-phase voltages and currents are transformed from abc to dq quantities in a reference frame synchronous with the grid voltage fundamental component using (1), (2) , where ϕ 0 and ω 0 are the phase angle and frequency of the fundamental component of the grid voltage. Synchronous proportionalintegral (PI) regulators (Reg i and Reg v in Fig. 1 ) are normally used to control the fundamental components of the voltage and current, respectively,
The voltage reference, v * dq (see Fig. 1 ), comes from a synchronization algorithm, typically based on a phase-locked-loop (PLL) [2] . To provide a clean estimation of the positive sequence component of the fundamental voltage, PLL algorithms often implement mechanisms to compensate or eliminate unbalances or harmonics that typically exists in the grid voltage. Fig. 2 shows the i dqg current when a connection to a distorted grid is performed using a clean estimation of the fundamental component of the PCC. It is observed that the voltage mismatch between the breaker terminals produces an overcurrent after the breaker is closed, its magnitude being a function of the voltage difference between the DPG and the grid, the DPG output filter and the grid impedance. LC and LCL filters are the most common choice for the DPG output filter, the transient current after the connection for both filter designs is analyzed following. capacitor filter is modeled by a capacitance C with a series resistance, i.e., R c .
A. Connection of VSCs to Distorted Grids Through LC Filters
During the synchronization process and before the breaker is closed, the microgrid voltage v dqμg is normally made equal to the positive sequence component of the grid fundamental voltage. This means that if the grid voltage contains only a fundamental positive sequence component, no current will flow once the breaker is closed, as no differential voltage between the VSC and grid voltage exists. On the contrary, a voltage mismatch between the grid and the VSC output voltages (i.e., at the breaker "S" terminals, see Fig. 1 ) will exist if the grid voltage is distorted, which will result in an overcurrent once the breaker is closed.
In the following discussion, it is assumed that the grid voltage consists of the fundamental voltage component and a single harmonic component voltage of order h and magnitude |v dqgh |. It can also be realistically assumed that the capacitor harmonic current equals the grid harmonic current (i dqgh = i dqch ), since the reference of the VSC current regulator only contains the fundamental component, and the inverter inductance removes the produced high-frequency overcurrent The transfer function between the grid harmonic current, i.e., i dqgh , and the grid harmonic voltage, v dqgh , is given by (3), where L is the transmission line inductance (L = L LT ), R is the equivalent resistance of the grid and the filter capacitor (R = R T L + R c ) and C is the filter capacitor. It can be safely assumed that R 2 /L 2 4/(LC); therefore, (3) corresponds to underdamped system, whose poles are (4). The differential voltage across the breaker terminals in a reference frame synchronous with the grid frequency is (7), the induced current being (8) . Note that a harmonic component of frequency ω gh = hω 0 in the stationary reference frame (i.e., αβ) transforms into a harmonic component of frequency ω gh − ω o in a dq reference frame synchronous with the fundamental component of the grid voltage. The induced current is seen to consist of a transient term and a steady-state term. The time constant of the transient term is (5) and its resonance frequency (6) .
The steady-state term has the same frequency as the input signal and its magnitude depends on the filter and transmission line parameters
B. Connection of VSCs to Distorted Grids Through LCL Filters
Fig . 4 shows the equivalent circuit of a VSC using an LCL filter. The transmission line is connected between the LCL filter output and the breaker S, being modeled as in the previous section. The inverter is synchronized with the positive sequence component of the fundamental voltage at the PCC, i dqi and v dqug only consisting therefore of the fundamental component.
When the breaker closes, the current to voltage transfer function is also modeled by (3), the equivalent inductance resulting from the series connection of the line inductance and the
) and the equivalent resistance R being the result of the series connection of the transmission line, LCL filter grid-side inductance resistance and filter capacitor resistance, i.e., R = R T L + R g + R c .
The time response for this case can also be described by (8) , and seems to consist of a transient term with a time constant (5) and resonance frequency (6), and a steady-state term with the same frequency as the PCC harmonic voltage (ω gh − ω o ), of magnitude and phase (9) and (10), respectively.
III. CONNECTION OF DPGS TO A DISTORTED UTILITY GRID USING FUNDAMENTAL AND HARMONIC VOLTAGES
To limit the transient overcurrents following the connection between the DGs and the grid, both the fundamental and the harmonic voltage components can be considered for the synchronization strategy. Fig. 5 shows a control block diagram of the proposed strategy. A combination of PI, (11) and resonant (RES) regulators [8] [9] [10] [11] [12] , [20] , (12) , in dq reference frame synchronous with the grid fundamental frequency are used (13) , both for the current and voltage. The PI synchronous regulators (11) are used to control the fundamental voltage and current components, whereas each RES controller (12) is used to control a specific harmonic component of the voltage and current, with n being the harmonic order. It is noted that in a harmonic of order h in the stationary reference frame results in a harmonic of order n = h − 1 in a reference frame synchronous with the fundamental component of the grid voltage. It is also noted that alternatively to the use of RES controllers, harmonic components could also be controlled using a PI regulator in a reference frame rotating synchronously with the harmonic, i.e., a synchronous PI current regulator [13] . Both solutions provide the same results if properly implemented
The voltage reference v * dq and both the measured voltage and current (v dqμg and i dqi ) (see Fig. 5 ) are not filtered (i.e., harmonics are not removed). The PLL described in [2] was used for the synchronization, as it provides disturbance rejection capability. The strategy to synchronize and connect the VSC to a distorted grid is as follows.
1) SW
The PI-RES voltage controller provides the required current command i * dq (see Fig. 5 ) to the PI-RES current controller to force the same voltage at both sides of the breaker terminals (fundamental and harmonics).
Once the voltage error is smaller than a certain threshold, the breaker is closed. Following this, the input of the voltage controller is made equal to zero using SW * 1 (see Fig. 5 ). By doing this, the voltage loop is disabled, the PI-RES output being locked to the instantaneous value that it has before the breaker closed.
At the same time that SW * 1 deactivates the voltage control loop, the resonant voltage controller output is gradually eliminated by multiplying the RES output (12) by a window function of the form shown in Fig. 6 . By doing this, the VSC gradually decreases the amount of injected voltage harmonics, eventually only the fundamental voltage remaining. The selected window function corresponds to a negative exponential waveform (14) , with τ being the time constant. Other waveforms could be also potentially used, two targets should be considered for their design. First, the dynamic response (settling time) should be reasonably fast, so that the power converter quickly enters its normal mode of operation, once safe closure of the contactor has been achieved. Second, they should provide a smooth transition to the normal mode of operation, i.e., when only fundamental voltage is injected, to prevent transient overcurrents
3) SW * 1 = OFF, SW * 2 = OFF, Breaker S = closed: Once the current harmonics are removed, the input to the current regulator is made equal to the current command i * dqp coming, e.g., a power control loop, Switch SW * 2 being used for this purpose.
IV. SIMULATION RESULTS
The proposed method has been tested by simulation, the scenario and the configuration parameters being shown in Fig. 7 and Table I, respectively. A programmable ac source was used to emulate the grid voltage, the grid voltage distortion consisting of a −5 th harmonic with a magnitude of 2.6%, which is below the limit of 4% allowed by the grid codes [4] [5] [6] [7] . A short transmission line (TL, see Fig. 7 ) has been used to emulate the DPG connection to the PCC. Fig. 8 shows the frequency response of i dqgh /v dqgh transfer function (3), using LC (blue) and LCL (red) filters.
The resulting resonance frequencies (6) are 12.5 kHz for the LC filter and 2.25 kHz for the LCL filter, respectively. It is noted that the LCL resonance frequency is typically lower than that of the LC filter since the resonance frequency decreases as the inductance that connects the capacitor filter and the PCC increases.
Following, synchronization using the positive sequence component of the fundamental voltage described in Section II and the method proposed and described in Section III are compared, both for the case of a LC filter and an LCL filter. Filter   Fig. 9 shows the simulation results when the positive sequence component of the fundamental voltage is used for synchronization for the case of a grid with voltage harmonics using an LC filter. Fig. 9(a) shows breaker state (see Fig. 7) , it is observed in the figure that it closes t = 1 s. The dq components of the differential voltage between both sides of the breaker terminals (voltage error) are shown in Fig. 9(b) , whereas the dq components of the current circulating through the inverter (i dqi in Fig. 7 ) are shown in Fig. 9(c) . Fig. 9(d) show the current that circulates between the filter output and the grid, Fig. 9(e) shows the detail of this current at the instant the breaker closes.
A. Connection to a Distorted Utility Grid Using an LC
It is observed from Fig. 9(d) that the differential voltage shown in Fig. 9(b) produces a transient grid current, of peak value of ≈14 A, which is several times bigger than the steady-state current, its dynamics being given by (8)- (10) . The dumped resonance frequency [see Fig. 9 (e)] is ≈12.5 kHz, which is in accordance with (6) . A current harmonic at 300 Hz (−5 th harmonic) exists in steady state [see Fig. 9(d) ], its magnitude being given by (9) . Fig. 10 shows the same simulation results as in Fig. 9 for the proposed method described in Section III. It is observed from Fig. 10(b) that the differential voltage at the breaker terminals is zero, as both fundamental and harmonic components are considered during the synchronization process. It is observed that with the proposed method, the grid overcurrent in Fig. 9(d) (i dq g in Fig. 7 ) is almost completely cancelled [see Fig. 11(d) ], of more than one full order of magnitude bigger than the steady-state current. On the contrary, using the proposed method, the grid overcurrent is totally eliminated [see Fig. 12(d) ]. Fig. 11 using the proposed method. Fig. 13 . Simulation results. Same variables, operating conditions and synchronization strategy as in Fig. 9 , using an LCL filter. Filter   Fig. 13 shows the same simulation test as Fig. 9 but using an LCL filter. It is observed that the overcurrent at the instant that The resonance frequency of the dumped transient response agrees with the predicted one of ≈2.25 kHz [see Fig. 8 and (6)], being lower than for the LC filter case [see Fig. 8 ]. The higher is the inductance between the filter capacitor and the PCC, the smaller is the resonance frequency is. Similarly, the higher the inductance between the filter capacitor and aaaathe PCC is, the smaller is the transient time constant (5) . It can be concluded that smaller connection inductances (transmission line plus filter inductances) results in larger transient overcurrents, but more damped. It is concluded that the proposed method eliminates the transient overcurrent after the connection, for both LC and LCL filters. Fig. 15 shows the experimental setup. It consists of two VSCs (Master and Slave in Fig. 15 ). The master inverter is used to emulate the programmable ac source (see Fig. 7 ). It is a 50-kW inverter that feeds a local resistive load (53 Ω), it uses the same LC filter as in simulation (see Table I ). The slave inverter configuration is the same as in simulation (see Table I ), and feeds a local resistive load (see Table I ). The same tests used in simulation were repeated for the experimental verification. Filter   Fig. 16 shows the experimental results when the synchronization is realized using the positive sequence component of the fundamental voltage, for the case of an LC filter. For t < 1 s the slave inverter is synchronized to the fundamental component of the PCC voltage. The differential voltage at the breaker terminals is equal therefore to the PCC harmonic voltage components [see Fig. 16(b) ], whereas the inverter current [see Fig. 16(c) ] contains only the fundamental component. At t = 1 s, the breaker closes [see Fig. 16(a) ]. A transient increase of the grid current is observed [see Fig. 16(d) ]. In addition, high-order harmonics appear at the inverter current [see Fig. 16(c) , idq i in Fig. 7] at the instant the breaker closes, which are compensated by the current regulator. The transient current is seen to have a resonance frequency of ≈ 14 kHz, with a peak current of ≈ 16 A. It is noted that the current spikes observed in the dq components of the grid current (idq g in Fig. 7 ) are caused by three-phase breaker rebounds. The differences between the simulation and the experimental results would be due to differences in the line inductance (the cable mutual inductances have not been included in the simulations), which affect to the transient time constant (5), the resonance frequency (6) and peak current. It is noted that once the high-order current harmonics are removed (t > 1.35 s), the inverter only injects the fundamental component of the current.
B. Connection to a Distorted Utility Grid Using an LCL

V. EXPERIMENTAL TESTS
A. Connection to a Distorted Utility Grid Using an LC
Finally, Figs. 18 and 19 shows the same experimental results as Figs. 16 and 17 , but for the case of a voltage unbalance of 15% in phase C. Consistently with the simulation results, when using the classical synchronization methodology, the differential voltage shown in Fig. 18(b) produces a transient grid current more than a full order of magnitude larger than the steady current [see Fig. 18(d) ]. On the contrary, using the proposed method the grid overcurrent is eliminated [see Fig. 19(d) ], as the voltage difference at the breaker terminals at the instant of breaker closure is zero [see Fig. 19(b) ]. Filter   Fig. 20 shows the experimental results when the synchronization is realized using the positive sequence component of the fundamental voltage, for the case of an LCL filter. As for the LC filter case, the high-order harmonics in the inverter current that appears at the instant the breaker closes, are compensated by the current regulator [see Fig. 16(c) ]. As for the simulation results [see Fig. 13(c) ], the peak current is smaller than for the case of the LC filter. The resonance frequency [see Fig. 20(d) ] is also smaller as for the LC filter case (≈ 2 kHz).
B. Connection to a Distorted Utility Grid Using an LCL
Good agreement among the simulation results (see Fig. 15 ) and the experimental results (see Fig. 20 ) is observed, differences being due to the line inductances, which have not been considered for the simulation analysis.
Finally, Fig. 21 shows the experimental results using the proposed method for the case of an LCL filter.
It is observed from Fig. 21(b) that the differential voltage at the breaker terminals at the instant it closes (t < 1) is negligible (it mainly consist of noise). It is observed in Fig. 21(c) that to match the grid voltage (fundamental+harmonic components), the inverter current contains both fundamental and harmonic components. No overcurrent is observed at the instant the breaker closes [see Fig. 21(d), t = 1] , the inverter progressively decreasing later the amount of current harmonics being injected according to the pattern shown in Fig. 6 .
It is concluded that the proposed method provides a smooth connection, as well as smooth transition to steady state, even for the case of highly distorted voltages at the PCC. 
VI. CONCLUSION
A method for the synchronization and smooth connection of DPGs to distorted networks has been proposed in this paper. The proposed method uses both the positive sequence component of the fundamental voltage, as well as the grid voltage harmonics for the synchronization, avoiding transient overcurrents at the instant of connection of the DPG to the utility grid, which might cause unwanted protection tripping, bad aging of the passive elements or power electronics damage.
Simulation and experimental results demonstrating the performance of the proposed method have been presented. 
